The stereochemical outcome of the dimerization reaction of D-fructose, leading to tricyclic bis-spiroketal systems, can be tuned by inserting a xylylene template between the reacting moieties. Spirocyclization becomes then an intramolecular process, the available conformational space depending on the nature of the tether. The methodology is here illustrated by the stereoselective synthesis of two nonsymmetrical di-D-fructose dianhydrides present in commercial caramel.
The bis-spiroketal unit is present in a wide range of interesting natural products, including several marine toxins and ionophore antibiotics. 2 This complex architectural arrangement is also the underlying structural motif of a unique family of cyclic disaccharides isolated from microorganisms and higher plants, namely di-D-fructose dianhydrides (DFAs). 3 During the last decade, DFAs have been recognized as the major products of acidic and thermal activation of fructose and fructose-containing oligosaccharides (sucrose, glycosyl fructoses, inulin), being present in dietary foods such as caramel, chicory, or torrefacted coffee. 4 The implications of this discovery in human nutrition and the promising prebiotic properties of DFAs have strongly stimulated research in these and related spiro-sugars. 5 Up to thirteen different diastereomeric DFAs have been identified in commercial foodstuffs, making the synthesis of individual isomers a very difficult issue. Almost quantitative conversions of D-fructose, inulin, sucrose, and isomeric glucosylfructoses into structurally diverse DFAs have been achieved by using anhydrous hydrogen fluoride (HF) as solvent and catalyst.
6 Separation of pure compounds from these multicomponent mixtures, however, becomes extremely hard. Although the use of pyridinium poly(hydrogen fluoride) complexes, a soft form of HF, let establish some kinetic and thermodynamic relationships, 7 the low interconversion barriers and the reversibility of the reaction make this approach unsuitable for the preparation of single isomers in most cases. Anchoring the cyclic form of D-fructose by suitable protecting groups has proven very useful for accessing difuranose (type I; 1-3) and dipyranose (type III; 8, 9) DFAs. High diastereomeric excesses in favor of compounds having different stereochemistry (a,b) at both spiroketal centers (1 and 8, respectively), which are thermodynamically more stable, were achieved by performing the spiroketalization reaction in organic solvents under irreversible reaction conditions. 8 This strategy is, however, unsuitable for the preparation of DFAs incorporating fructofuranose and fructopyranose moieties in the tricyclic core (type II DFAs; 4-7), which can exist in four different diastereomeric combinations. Thus, initial attempts to prepare these compounds from binary mixtures of fructofuranose and fructopyranose precursors led invariably to the simultaneous formation of all type I, type II, and type III DFAs 1-9 (Figure 1 ). We have recently reported 9 a new approach for the synthesis of bis-spiroketal systems based on the 'rigid spacer between non-reactive centers' concept previously introduced in oligosaccharide synthesis. 10 By connecting homologous positions in the reacting moieties through an appropriate tether, stereoselective syntheses of contrathermodynamic 11 C 2 -symmetric type I and type III DFAs, namely the b,b-diastereomers 3 and 9, were accomplished. The success of the approach relies on the conformational dissimilarities between derivatives having different or identical configuration at the anomeric positions, which adopt chair or boat arrangements, respectively, at the central dioxane ring to comply with the anomeric Figure 2 ). We speculated that this methodology could be extended to the preparation of type II DFAs by tethering furanose and pyranose building blocks through judiciously chosen bridges. This has now been translated into efficient syntheses of the thermodynamic a,b-derivative 4 and the contra-thermodynamic b,a counterpart 5. Examination of the interatomic relationships for 4-7 in their more stable conformations by computer-generated molecular models revealed that the primary position O-6 in the furanose moiety and position O-3¢ in the pyranose ring lie much closer in the chair conformers 4 (6.0 ± 0.5 Å) and 5 (6.5 ± 0.5 Å) than in the boat DFAs 6 and 7 (8.1 ± 1 Å). Consequently, the introduction of an m-xylylene tether (ca. 6 Å) between these nonreacting hydroxyls was contemplated as a mean for configurational control. Thermodynamic considerations should then result in the predominance of the a,b-isomer 4, which is the major compound in thermodynamic mixtures containing the 13 DFA isomers.
The synthesis of the nonsymmetrical O-6→O-3¢ m-xylylene-bridged precursor is illustrated in Scheme 1. Reaction of 1,2:4,5-di-O-isopropylidene-b-D-fructopyranose (10) 12 (one step from D-fructose) with an excess of a,a¢-dibromo-m-xylene led to the corresponding 3-O-bromomethylbenzyl ether 11. Selective removal of the nonanomeric isopropylidene group (→12) and subsequent standard benzylation provided the fructopyranose building block 13. 13 Incorporation of the fructofuranose moiety 14 9a (four steps from D-fructose) at the remaining reactive bromobenzyl position afforded the required tethered derivative 15.
14 Treatment of 15 with trifluoromethanesulfonic acid (triflic acid, TfOH) in dichloromethane promoted the intramolecular tandem glycosylation-spirocyclization reaction, 15 zipping up the tricyclic bisspiroketal core to give exclusively the a,b-configured DFA derivative 16 (59% isolated yield).
16 Simultaneous removal of the xylylene and benzyl groups by catalytic hydrogenolysis afforded the target fully unprotected dianhydride 4 in quantitative yield, 17 whose structure was confirmed by comparison of its spectroscopic and chromatographic properties with an authentic sample 2,4d (Scheme 1). The stereospecificity induced by the m-xylylene template in the above spirocyclization reaction deserves a further comment. In the intermolecular dimerization, the relative proportion of compounds 4-7 was found to be 60:1:1:10. Therefore, the incorporation of the O-6-O-3¢ distance restriction fully prevented the formation of the boat diastereomers 6 and 7 and further selected the thermodynamic a,b-chair DFA 4 (18% in the DFA fraction of commercial caramels).
The synthesis of the contra-thermodynamic b,a-isomer 5 (less than 1% in the DFA fraction of commercial caramels) represents a much more difficult challenge. The configurational differences between 4 and 5 are not associated with significant conformational changes, with virtually identical inter-residue distances. Recent crystallographic evidence, 9a however, suggested that contrathermodynamic DFAs exhibit a relatively high conformational flexibility, whereas thermodynamic derivatives are much more rigid. This intrinsic difference could be used with advantage to achieve further diastereoselection. We hypothesized that shortening the O-6-O-3¢ distance, e.g. by inserting an o-xylylene tether (ca. 3 Å), would provoke a substantial steric constrain in the chair ground-state conformation that would be better accommodated by the b,a-isomer 5. Replacing the 3-O-(3-bromomethylbenzyl) fructopyranose monomer 13 into the 2-bromomethylbenzyl positional isomer 17 18 in the bridging reaction provided the corresponding nonsymmetrical o-xylylene-tethered precursor 18.
14 Activation of 18 with triflic acid likewise resulted in bis-spiroketal ring-closing reaction 15 to give, in this case, a 1:1.5 binary mixture of the thermodynamic a,b-isomer 19 19 and the contra-thermodynamic b,a-DFA derivative 20 20 (Scheme 2). Their structures were confirmed after transformation into the respective unprotected compounds 17 4 and 5 and comparison of their spectroscopic and gas-chromatographic data with authentic samples.
2,4d
Scheme 2 o-Xylylene-mediated synthesis of DFA 5. The key interatomic distances for the synthetic design are indicated.
The outstanding enhancement in the 5:4 relative proportion (90-fold as compared with the nontemplated reaction) by acting on the spacer length is remarkable. Examination of the 1 H NMR data revealed that the o-xylylene-tethered a,b-derivative 19 keeps the same conformation at the sixmembered rings as compared with the m-positional isomer 16 or the unprotected derivative 4, that is, the central 1,4-dioxane ring is in a chair conformation and the fructopyranose ring is in the 2 C 5 conformation. Partial steric release can only be achieved at the expense of conformational distortion of the furanose ring. In contrast, the vicinal proton-proton coupling constants around the afructopyranose ring in 19 evidenced a profound conformational change as compared with reported data for DFAs incorporating this structural subunit, 2 including 5. Thus, the presence of the o-xylylene bridge causes the flip of the 5 C 2 conformation (J 3¢,4¢ = 3.2 Hz for 5) to the reverse 2 C 5 disposition (J 3¢,4¢ = 7.9 Hz for 19). Simultaneously, the central 1,4-dioxane ring shifts to a skew-boat arrangement, as seen by NOE contacts, thereby bringing closer the bridged positions (d O-6-O-3¢ = 3.2 Å). The energetic cost of losing an anomeric effect stabilization is then overcome by the release in the steric constrain imposed by the spacer. In summary, the above results broaden the concept of rigid-spacer-mediated spirocyclization by taking advantage not only of distance restrictions but also of subtle molecular flexibility differences. The combination of both aspects provides alternative opportunities for the stereoselective synthesis of complex bis-spiroketal frameworks. The potential of the approach is illustrated by the rational design of efficient syntheses for the nonsymmetrical furanose-pyranose difructose dianhydrides 4 and 5. 
